Abstract Dramatic changes in the structure of cell membranes on apoptosis allow easy, sensitive and non-destructive analysis of this process with the application of fluorescence methods. The strong plasma membrane asymmetry is present in living cells, and its loss on apoptosis is commonly detected with the probes interacting strongly and specifically with phosphatidylserine (PS). This phospholipid becomes exposed to the cell surface, and the application of annexin V labeled with fluorescent dye is presently the most popular tool for its detection. Several methods have been suggested recently that offer important advantages over annexin V assay with the ability to study apoptosis by spectroscopy of cell suspensions, flow cytometry and confocal or twophoton microscopy. The PS exposure marks the integrated changes in the outer leaflet of cell membrane that involve electrostatic potential and hydration, and the attempts are being made to provide direct probing of these changes. This review describes the basic mechanisms underlying the loss of membrane asymmetry during apoptosis and discusses, in comparison with the annexin V-binding assay, the novel fluorescence techniques of detecting apoptosis on cellular membrane level. In more detail we describe the detection method based on smart fluorescent dye F2N12S incorporated into outer leaflet of cell membrane and reporting on apoptotic cell transformation by easily detectable change of the spectral distribution of fluorescent emission. It can be adapted to any assay format.
Introduction
Apoptosis is a programmed mode of cell death that is involved in a wide variety of physiological and pathological processes (Krampe and Al-Rubeai 2010; Pereira and Amarante-Mendes 2011; Ulukaya et al. 2011) . Detection of apoptosis is of great importance for many areas of biological research, for understanding the pathological conditions and for the development of new drugs. In cancer, the balance between cell proliferation and apoptosis shifts toward the cell proliferation, and this stimulates an active search for the most efficient and safe anticancer therapeutic regimens that induce apoptosis (Coppola et al. 2008) . The ability to monitor apoptosis using noninvasive sensing and imaging techniques would markedly enhance early assessment and continuous evaluation of the efficacy of anticancer drugs (Kim et al. 2002) .
Apoptosis is a very complex cellular phenomenon that can be triggered by both extrinsic and intrinsic factors (Martinez et al. 2010a) . Extrinsic activation of apoptosis depends on activation of death receptors (i.e., TNFR family) located on the surface of cell membrane, whereas an intrinsic activation results from disruption of intracellular homeostasis (DNA damage, cellular stress). On the intrinsic pathway, mitochondria play an essential role, and lipid peroxidation can be directly responsible for the generation of the apoptotic phenotype (Kagan et al. 2000) . This pathway can be stimulated by chemotherapeutics, mitochondrial damage or ionizing radiation. Among the factors that lead to the activation of intrinsic apoptotic pathways are the drugs that are used to treat a variety of types of cancer including taxanes and anthracylines, such as paclitaxel and doxorubicin, respectively. Release of several mitochondrial factors, activation of cascade of cytoplasmic caspase enzymes and changes in cell membranes are followed by the loss of mitochondrial membrane potential, condensation of chromatin and then fragmentation of DNA. All these processes occur with the maintenance of cell integrity, and only the cell shrinkage can be clearly seen in its course. Even on the latest step, when the cell is disintegrated, its cytoplasm is not released but is maintained in apoptotic bodies.
In view of these numerous and versatile changes, many different techniques can be used to study apoptotic events. Meantime, in reality most of these methods are difficult in realization or are disruptive to the cellular environment. In most cases, their performance is toxic to the cells or require fixation. On a large scale, three major methodologies are currently used in cellular research (Krysko et al. 2008; Martinez et al. 2010a; Tait 2008 ):
1. Intracellular caspase activation imaged by using molecular beacons comprised of dye-labeled caspase substrates (Edgington et al. 2009; Lee et al. 2008; Martinez et al. 2010b; Riedl and Shi 2004) or the application of fluorescent caspase inhibitors ). 2. Mitochondrial membrane potential collapse monitored by reduced levels of phosphonium cations that normally accumulate in healthy mitochondria (Green and Kroemer 2004) .
3. Exposure of phosphatidylserine (PS) on the extracellular face of the plasma membrane (Balasubramanian and Schroit 2003; Boersma et al. 2005) . Such exposure can be detected by dyelabeled PS-binding proteins, such as annexin V in a non-perturbing manner.
This latter methodology is presently the most attractive, since PS provides extracellular binding targets that can be detected without the need to penetrate the cell. Also, it is the most popular because it is not toxic or destructive in cellular research and since it allows extension to the tissue and whole-body level. It allows capturing profound changes occurring in the structure of cell membrane. Due to these changes, the apoptotic cell produces a specific 'eatme' signal for its recognition and its subsequent detaining and degradation by macrophages. The exposed PS on cell surface serves as a tag for such specific cell recognition (Ravichandran 2010) .
These biomembrane changes on apoptosis will be in focus of the present review. We will describe them and discuss their mechanisms. Then we will overview in short the fluorescence techniques used for the analysis and imaging of apoptosis and critically analyze the most popular annexin V assay and its analogs. Alternative techniques based on detection of the changes in cell surface will be discussed. Finally, we will present the new method based on application of smart fluorescent dye F2N12S and discuss its applicability.
Aminophospholipid asymmetry of plasma membrane and its apoptotic changes
Plasma membrane of a living cell is a highly organized three-dimensional system composed of lipids, proteins and glycans, so that the two leaflets forming it are of quite different composition. The major part of electrically neutral phosphatidylcholine (PC) and sphingomyelin (SM) is located in its outer leaflet, whereas most of phosphatidylethanolamine (PE) and practically all anionic lipids phosphatidylserine (PS) and phosphatidic acid (PA) face the cytosolic milieu (Kiessling et al. 2009; Yamaji-Hasegawa and Tsujimoto 2006) . Such asymmetry creates a strong distribution of electrostatic charge between two membrane surfaces that is maintained due to the action of specific lipidtranslocating proteins (Fig. 1) . Its maintaining is of great biological importance allowing correct assembly of membrane proteins and interaction with intracellular structures (van Meer 2005; Zwaal et al. 2005) . The membrane ATPases called flippases and floppases facilitate translocation of lipid molecules from one leaflet to the other against their concentration gradient. Such translocase activity is ubiquitously present and contributes significantly to the asymmetry of phospholipid location. The lipid exchange can be provided by scramblases being coupled to translocation of Ca 2? ions. Scramblases translocate the phospholipids bidirectionally over the two leaflets thereby collapsing PS asymmetry, which makes randomization of the phospholipids over the two membrane leaflets much faster than their spontaneous flip-flop.
The loss of phospholipid asymmetry is a universal process occurring during early apoptosis, independent of the species, of the cell type or of the apoptosis inducer (Balasubramanian and Schroit 2003) . It occurs without compromising the barrier function of the cell membrane allowing already on a short time scale after the apoptotic stimulus to change the cell-to-cell recognition. Together with externalization of several protein factors the exposed PS molecules generate an 'eat-me' signal that allows the clearance of apoptotic cells by phagocytes (Erwig and Henson 2008; Ravichandran and Lorenz 2007) .
The PS exposure is a rather early phenomenon in the apoptotic process. The data obtained by both flow cytometry and immunofluorescence with PS-specific antibodies demonstrate that the PS translocation can be observed as early as 5-10 min after the treatment of cells (Mourdjeva et al. 2005) , at the time when the barrier functions of the membrane are still not lost and the characteristic morphological changes undetected. Nuclear condensation, the degradation of cytoskeletal elements and the DNA strand breaks appear in later stage of apoptosis (Rucker-Martin et al. 1999) . The membrane changes correlate with the failure of mitochondrial transmembrane potential and activation of caspases, but the mechanism of coupling of these events is not clear. There is no direct evidence of relation with biomembrane changes of cytochrome c release from mitochondria, caspase activation or DNA fragmentation. Moreover, the degradation of erythrocytes involves a characteristic pathway called eryptosis, which is a version of apoptosis. These cells lack both nucleus and mitochondria, but PS externalization is also characteristic for them (Foller et al. 2008) .
The appearance of anionic PS on the cell surface is the most remarkable feature in apoptosis because of the abundance of this phospholipid in membranes, its negative charge and the ability to change interactions with other lipids (Balasubramanian and Schroit 2003) leading to disruption of lipid rafts (Oncul et al. 2010) . Different methods discussed herein have been developed for its detection.
It should be noted, however, that the specificity of PS externalization is not absolute for apoptosis and may indicate different pathological conditions (Korngold et al. 2008; Schutters and Reutelingsperger 2010 ; Fig. 1 Transportercontrolled exchange of phospholipids between intracellular and extracellular leaflets of the cell membrane creating strong charge asymmetry (Zwaal et al. 2005) , modified Cytotechnology (2013) 65:157-172 159 Zwaal et al. 2005) . Thus, it was reported about the occurrence of PS expression on surface of endothelial cells of tumor vasculature and stressed tumor cells . Exposed PS is observed on platelet activation, being a part of blood clotting process. Anionic lipids expressed on activated platelets are important for the coordinated assembly of coagulation factors (Kerbiriou-Nabias and GeldwerthFeniger 2007) . Activated macrophages that are engaged to engulf dying cells also expose PS on their surface, and inhibition of their PS exposure greatly impairs phagocytic capacity (Ravichandran and Lorenz 2007) . Thus the methods detecting PS externalization lack absolute specificity for apoptosis and they can be used also in the studies of these processes (Elliott et al. 2005) . All the techniques addressing the changes in plasma membrane should allow distinguishing early apoptotic cells, in which these membranes remain intact and continue performing barrier function, from already dead cells, in which these membranes are disintegrated. Therefore the cell membrane tests must be complemented by the test for integrity of cell membrane. This is commonly done with the aid of cellimpermeable dye that produces strong fluorescence enhancement on interaction with nuclear DNA when it penetrates into the cell. Propidium iodide (PI) is usually used for this purpose. Its red emission is easily distinguished from green emission of commonly used FITC-labeled annexin V. It can be used with other fluorescent techniques detecting biomembrane changes. If the PI fluorescence enhancement is observed, the cell is considered dead.
Fluorescence techniques in the detection of apoptosis
With proper application of molecular probes and labels fluorescence techniques allow reporting by a signal of analytical value in a variety of formats, such as cuvette-based spectrofluorimetry, flow cytometry, different versions of microscopy, microarrays, etc. (Demchenko 2009 ). With conventional spectrofluorimetry one can study an integrated response of a cell population with the advantage of high spectral resolution. Different experimental conditions can be applied here, and it is easy to follow the development of the process as a function of time. Simultaneous study with several probes can be made if their response is spectrally resolved and even minor changes in response signal can be detected.
Presently the most frequently measured parameter is the fluorescence intensity at single wavelength. Meantime, such very simple measurements being displayed in relative units do not allow calibration at molecular level (self-calibration). This means that the output signal will depend on the concentration of applied fluorescent label. Moreover, it may not discriminate between bound and unbound label, so an additional procedure, such as the washing-out of the unbound label may be needed. The output will be sensitive to any undesirable factor influencing the fluorescence intensity. Therefore in analytical applications of fluorescence there is a clearly observed tendency of shifting towards more sophisticated methods that allow self-calibration (Demchenko 2005b) .
The parameters that allow molecular-scale calibration are the anisotropy, lifetime of fluorescence emission and also the spectroscopic changes, such as the spectral shifts and the appearance of new bands (Demchenko 2009 ). For the former two methods an advanced instrumentation and specially designed probes are needed. Based on detection of anisotropy the changes in the freedom of rotation of fluorescent probes can be detected. The lifetime measurements need special probe development (Gasser et al. 2009 ) and their results are sensitive to temperature and collisional quenchers in the medium. If the response is provided by a strong shift of fluorescence band or by the appearance of a new band, then the measured fluorescence intensities at two selected wavelength presented as their ratio allow obtaining the output signal, in which variations of dye concentrations will be compensated. This signal will be insensitive to variations of instrumental factors, such as the intensity of light source or sensitivity of detector (Demchenko 2005c) . Such wavelength-ratiometric detection (Demchenko 2010) uses simple instrumentation and can be applied on a micro-scale with the aid of plate readers or even further miniaturized to microarray format (Demchenko 2005a ). The problem is the design of proper fluorescence reporters (Demchenko 2010) , which is critical for the whole field of fluorescence detection, including the detection of apoptosis.
These considerations can be transferred to flow cytometry, which is the most popular method of studying apoptosis (Telford et al. 2011) . With this method one can operate with the population of cells in a way that allows acquiring statistical information (Steensma et al. 2003) . Most flow cytometers can measure 1,000-10,000 cells in few seconds. But in contrast to spectroscopic methods, here one can operate only with a small number of output parameters, such as light scattering and fluorescence intensities displayed in several wavelength channels. The high cell counts and multiparametric detection combined with the possibility of sorting cells in some cases, makes flow cytometry extremely valuable for cell analysis. In applications to apoptosis, a combination of these output parameters can give information on the ratio of apoptotic to living cells and also to discriminate dead cells (Martinez et al. 2010a ). The method is ideally suited to wavelength-ratiometric recording of a signal from single dye molecules, but these applications have just begun to emerge. Its power is commonly used in combined fluorescence measurements of fluorescence intensity from several dyes, for instance, for discriminating apoptotic and dead cells (see below).
Microscopy complements spectroscopy allows obtaining images of individual cells and in conventional confocal or two-photonic formats the resolution can be as high as 200-500 nm. Recent technical developments allow extending the wavelength range for excitation and image collection and provide construction of images in anisotropy and time domains. These methods even in automatic recording can only measure a few tens of cells at a time but, in contrast to flow cytometry, allow measurement of adherent cells and tissue slices. The methods using high-throughput microscopy with image-based quantification develop rapidly (Nath et al. 2012; Rimon and Schuldiner 2011) . However such measurements based on imaging are slow because they require time for stage movement, autofocusing, and long exposures to detect low-intensity signals. They require significant resources for data storage (Downey et al. 2011) .
The need for high-throughput screening that could allow rapid analysis in parallel of thousands of chemical, biochemical, genetic or pharmacological tests brought the development of new technologies. Microarray technique allows scanning a number of images (Fernandes et al. 2009; Yarmush and King 2009 ) and microfluidics (Yin and Marshall 2012) can be used to provide reagent addition and realize reactions in miniature volumes operating with single cells or small number of cells. Fluorescence spectroscopy and flow cytometry are achievable on microscale for providing in-chip analysis of apoptosis (Martinez et al. 2010a) . Even the application of 96-well or 384-well plates must bring substantial improvement in toxicology research and drug discovery related to apoptosis. Fluorescence signal can be detected on a very low intensity level that is quite sufficient for working with spotted microarrays with sub-micrometer resolution. So what are the limiting factors for application of all these techniques to apoptosis?
The limit depends on the properties and mode of application of fluorescence reporters and sensing molecules that carry fluorescence labels. Reporting must be based on informative signal originated by the change in intermolecular interactions. This occurs in all the cases, but some of the reporters allow obtaining informative signal from these interactions directly and some require washing or separation steps before the analysis (Altschuh et al. 2006) . They represent two basic methodologies in application of fluorescence to sensing and imaging (Fig. 2) .
One of these methodologies is the ''labeling''. The fluorophore is incorporated into the studied system usually being attached to one of interacting structures (e.g. FITC bound to annexin V) to indicate location, to produce contrast, etc. In this application the aim is the highest emission intensity, whereas the sensitivity to environment parameters (e.g. medium polarity, pH, temperature) is not desirable. If unbound or unreacted labeled structures remain in the studied system, they will also produce the fluorescence signal, so they have to be removed or quenched before the measurement and data analysis.
The other conceptually different methodology can be called ''probing''. In this case, a high emission intensity is important, but the most essential is the response to structural or dynamic change in the system by observing the changes in one of fluorescence parameters: anisotropy, lifetime or positions and relative intensities of spectral bands (Demchenko 2009) . In this case the probing fluorescence emitter should stay within the studied system, but its response should be modulated by the change in this system and should report on this change. If the dyes with appropriate properties can be found and applied, this case can be realized easily in homogeneous ''mix-andmeasure'' formats, which are commonly simple, rapid and robust.
There is a great difference in applications between these methodologies. For realization of ''labeling'' the researcher possesses unlimited choice of fluorescent dyes . And not only the dyes-radioactive or electron-dense labeling can be successfully applied. In contrast, for probing we need smart specially designed dyes that satisfy special requirements. As we will see below, the difference between these two methodologies is apparent on comparison of two methods-PS-affinity assay with annexin V and biomembrane probing with F2N12S.
PS-affinity assay with annexin V
Annexin V is a single-chain 36 kDa calcium-binding protein that interacts specifically and with high affinity with negatively charged PS. This molecule is composed of two distinct regions: a C-terminal core and an amino N-terminal ''head'' region. The core is highly conserved across the annexin protein family, and the N-terminus varies greatly. Successful expression in bacterial systems gave a source of recombinant protein that stimulated numerous investigations and generation of commercially available assay kits (Brumatti et al. 2008) . The methods of conjugation of this protein to FITC and similar fluorophores and of its use for the detection of apoptotic cells are well described . Labeling with NIR dyes extend applications towards tissue tomography (Ntziachristos et al. 2004) . Fluorescent semiconductor nanoparticles (Quantum Dots) can be also used for annexin V labeling with the advantage of higher brightness and photostability (Le Gac et al. 2006) . The labeled annexin V is currently the most frequently used probe to visualize the early-stage apoptosis in microscopy and to characterize the apoptotic cell populations by flow cytometry (Boersma et al. 2005; Hanshaw and Smith 2005; van Engeland et al. 1998) .
The principle of annexin V assay is presented in Fig. 3 . Operating in physiological conditions, this protein binds to the surface of cells that expose PS assembling into oligomeric structures. Since the affinity is very high (K d * 10 -7 -10 -8 M), in the conditions of apotosis practically all the annexin V molecules are bound, and due to attached fluorescent dye these cells become labeled.
Using fluorescently labeled annexin V, it was demonstrated that the apoptotic cells expose PS at their outer membrane early after onset of the execution phase of apoptosis (Boersma et al. 2005) . Interacting with vital or apoptotic cells, this protein molecule is not able to penetrate the phospholipid bilayer and label inner leaflet. However, in dead cells, since the integrity of the plasma membrane is lost, the inner leaflet of the membrane is available for binding of extrinsically applied annexin V. To discriminate between dead and apoptotic cells, a membraneimpermeable DNA stain, such as propidium iodide (PI), can be added simultaneously to the cell suspension. In this way vital, apoptotic and dead cells can be distinguished on the basis of double-labeling for annexin V and PI, and analyzed either by flow cytometry or by fluorescence microscopy. The results of typical flow cytometry experiment are presented in Fig. 4 . Fig. 3 The principle of apoptosis detection method based on annexin V. With the aid of Ca 2? ions, this protein interacts with high affinity with PS heads exposed on the membrane surface. Annexin V can be labeled with fluorescent dye that allows visualization of cells exposing PS
The years of application of annexin V test allowed revealing its strong and weak points. They are summarized in Table 1 . A short comment to this table is presented below.
Primarily it should be stressed that this assay with regard to fluorescence reporting is a typical ''labeling'' technique with its brightness and simplicity advantage and disadvantage of dealing with unbound labeled annexin V that may produce strong background signal. Therefore it is not convenient for high throughput screening assays in drug discovery. The attempts have been made to introduce ''sensing'' methodology by labeling the protein with ''polarity-sensitive'' dyes. Thus, their thiol-reactive derivatives were inserted into the protein loop regions, so that on its Ca 2? -dependent interaction with the membrane their environment changes from a polar (aqueous solution) to a nonpolar (lipid membrane) with dramatic enhancement of fluorescence (Kim et al. 2010) . Technique known under the name pSIVA marks an important step forward in annexin V based methodology. In experiments on live-cell imaging, the dynamic local changes The false positive results are observed due to binding to negatively charged aldehyde adducts (Balasubramanian et al. 2001 ) and in some apoptosis-independent pathologies, such as Barth syndrome (Kuijpers et al. 2004) Annexin V test is applicable to in vivo and in tissue studies and also to cells obtained from solid tissues by protease treatment (van Engeland et al. 1998) Being a protein, annexin V may exhibit slow diffusion in tissues and be itself a subject of enzymatic degradation Protein recombinant technology is well developed for annexin V production
The labeled recombinant annexin V is expensive and moderately unstable
The protein can be labeled in different ways.
The unlimited choice of dyes exists for its labeling
The unbound labeled protein contributes to background emission. For removing it the washing-out steps may be needed Cytotechnology (2013) 65:157-172 163 in individual rat neurons during degeneration in vitro and in vivo were observed. Since annexin V bound to PS-exposing membranes forms oligomers (dimers or trimers), the cell treatment with a mixture of monomers carrying two different labels, forming the pair of donor and acceptor in excited-state resonance energy transfer, allows obtaining the signal reporting on the binding by observing the shifting from donor fluorescence to that of the acceptor. With this method the apoptotic cells can be detected in homogeneous sensing format without washing-out of the unbound annexin V, but the healthy cells remain undetected and cannot be quantified (Gasser et al. 2009 ).
These developments indicate the steps towards 'mixand-read' direct sensing but they do not allow overcoming other disadvantages of annexin V assay, particularly the necessity of the presence of Ca 2? ions in millimolar (usually *2.5 mM) concentrations. The X-ray structure shows that one phosphoserine head group is coordinated to two bridging Ca 2? ions that are in turn coordinated to one of the four canonical binding sites at the protein surface (Swairjo et al. 1995) . The requirement on the participation of calcium ions in the assay produces complications in its practical use. For instance, the isolation of blood cells requires adding Ca 2? chelators for suppressing blood clotting, after that the chelators have to be washed-out and Ca 2? ions added again for apoptosis assay. Also, false positive results may appear because most animal cells have a Ca 2?
-dependent scramblase that can move PS to the cell surface.
The annexin V binding requires incubation times of tens of minutes. This makes problematic its application for kinetic analysis of the process that develops on the time scale of hours and this does not allow catching its earliest steps of PS exposure occurring in minutes (Mourdjeva et al. 2005) . The annexin V binding is limited by slow diffusion of this 36 kDa protein and by slow formation of its high-affinity complexes. Its short lifetime in the body and its slow diffusion may result in difficulties for optical imaging of solid tissues.
When the cells from the solid tissues are prepared by separation with the aid of proteolytic enzymes it should not be forgotten that annexin V can be itself a subject of enzyme degradation, so before testing a proteolytic activity should be suppressed (van Engeland et al. 1998) . Manipulation with detergents may also influence the lipid binding specificity (Meers and Mealy 1993) . There is a concern that an increased binding of annexin V does not necessarily reflect an apoptotic state of the cell (Dong et al. 2011 ) and this test has to be supported by other methods.
With a goal of finding the PS-binding probes that are alternatives to annexin V, investigators have examined other proteins, such as annexin VI, Lactadhedrin and Synaptotagmin-I (Alam et al. 2010; Smith et al. 2010) . Their PS-binding recombinant fragments were expressed which allowed site-specific binding of fluorescent labels. The smaller size of these proteins may be an advantage for some applications.
Other assays based on the binding to externalized PS Despite successful application of fluorescently labeled annexin V and its analogs, there is a call for exploiting novel, convenient and inexpensive detection reagents that offer more versatility in applications . Most of recently suggested solutions are focused on the recognition of PS on the surface of apoptotic cells just mimicking the binding mechanism of annexin V. The most attractive ones in this line are the developments of low-molecular-weight highaffinity PS chelators. Among suggested compounds the most attention was directed towards the synthetic zinc(II)-di-2-picolylamine (Zn 2? -DPA) coordination complexes (Koulov et al. 2005) . Similarly to Ca 2? ions in annexin V assay, the Zn 2? ions mediate cooperative association of the probe molecule to the anionic head groups of the membrane-bound PS. So, in this case also the selective recognition of apoptotic cells needs a three-component assembly process. In the initially suggested compound, two DPA subunits were attached to an anthracene scaffold absorbing light at 380 nm, and this compound was called PSS-380 (Koulov et al. 2005) . Two of Zn 2? -DPA molecules can be also attached to side groups of fluorescein-labeled short peptides for increasing the strength of membrane binding (DiVittorio et al. 2006) . Substitution of fluorescein by a near-IR fluorescence reporter allowed extending the imaging possibilities (Smith et al. 2011a ). Thus, a probe, named PSS-794, was assessed for its ability to detect cell death in animal models. The whole-body and ex vivo imaging showed the effect of the radiation treatment of tumor. PSVue Ò , the commercial product of Molecular Targeting Technologies, Inc., is based on these developments.
Thus we observe that this PS detecting approach does not exclude the problem of ion dependence addressed to annexin V assay but allowed more flexibility in use for ex vivo and in vivo studies. Multivalent display of Zn 2? -DPA units binding PS would further enhance the sensor affinity and could provide new synthetic nanomaterials with tunable characteristics. With this goal, the attempts to use nanoparticles as the scaffolds for these units have been made (Quinti et al. 2006) . Diaminopropionic acid (Dpr), was selected as the building unit of the short PSbinding peptide. On each peptide, four DPA units were appended to the side chain of Dpr residues to increase the binding affinity and the labeling with fluorescein was performed. A good correlation with annexin V staining of apoptotic cells was observed.
The alternative approach was to select the species with high PS binding properties from the peptide libraries. Such short peptides (hexamers to 14-mers) that bind exposed PS with nanomolar affinity were found. The peptide with a sequence CLSYYPSYC was selected and when labeled with fluorescein applied for in vivo imaging (Thapa et al. 2008) . Nanomolar binding affinity towards PS was achieved with a 14-residue peptide (Xiong et al. 2011 ). Promising in applications are the designed cyclic peptides that mimic the recognition site of the natural PS binding protein lactadherin (Zheng et al. 2011) . Such binding does not need any metal cation cofactors.
Fluorescence methods targeting the cell surface charge
When the negatively charged PS re-locates to cell surface, it substitutes the neutral lipids and generates a change in the surface charge. Since this charge becomes more negative, the cationic dye can be readily adsorbed on cell surface. Such experiments are known, and one of tested dyes was merocyanine 540 (Laakko et al. 2002) . The affinity of this dye for PS and selectivity in PC/PS ratio was studied in model membranes (Waczulikova et al. 2002) , and with its cellular application the difference in fluorescence response was demonstrated on binding to vital and apoptotic cells (Laakko et al. 2002) . Small affinity of this type of dyes to negatively charged membranes and their weak response to the binding as the change of fluorescence intensity plus their toxicity did not favor further developments and applications.
More success has been achieved when the cells were incubated with polycationic species that can provide multipoint binding to apoptotic cell membrane, such as the liposomes formed of artificial cationic lipids (Bose et al. 2004 ). Meantime, due to their low stability they are not attractive for practical use. The most interesting and practically attractive in this respect is the application of conjugated polymers with the side cationic groups that combine multipoint binding with strong fluorescence. In a recent study (Zhu et al. 2011 ) it was shown that poly(p-phenylene vinylene) derivative demonstrates remarkable ability to discriminate apoptotic cells from normal cells. This method offers a strong advantage over annexin V in terms of cost and stability. However, the incubation time to reach the equilibrium binding conditions with the cells is even longer than for annexin V, which strongly limits its application.
The method based on F2N12S probe
Based on the change of the cell surface charge on apoptosis, more sophisticated fluorescence probing can be provided. It can use the experience of fluorescence probe studies of the cellular membranes accumulated for years together with new important developments ). If the transformations in the cell membranes that change these parameters occur during apoptosis, a small molecular tool reporting on the changes of surface potential can be developed to detect them (Demchenko and Yesylevskyy 2009) . It is also known that apoptosis decreases the membrane lipid order (Schlegel et al. 1993) and increases the level of lipid oxidation (Matsura et al. 2005) , which must lead to an increase of the polarity and hydration of the membrane. Therefore the problem was to develop a probe that could respond to these changes in the most sensitive and characteristic way.
On this pathway, several problems have to be solved. One of them is selecting the format of fluorescence detection that can potentially fit the broad range of applications and all kinds of inexpensive instrumentation (fluorimeters, fluorescent microscopes, flow cytometers, plate readers, microarrays). The response should be self-referenced on molecular scale and independent of instrumentation parameters. The only fluorescence format that satisfies these requirements is the wavelength-ratiometry (Demchenko 2010). Until present, its most popular its realization is the application of two dyes connected by FRET (Förster Resonance Energy Transfer) or by formation of excimers, j-aggregates, etc. If we avoid double labeling and develop the technology that could use a single dye, the test can be much simplified. But this is a complicated task that does not allow many solutions. In line with the above considerations, we have to find the dye exhibiting the change of emission color by switching between its two emission bands, and this should allow ultrasensitive ratiometric detection (Fig. 5) .
The other problem was the selection of the proper basic fluorophore, which should be nontoxic and uncharged for not disturbing the bilayer structure. Being excited at single wavelength it should present switching between well resolved fluorescence bands in response to the surface charge and probably also to the lipid order and hydration. Based on the results of our previous studies (Demchenko 2006; Demchenko et al. 2003; Klymchenko et al. 2003) we selected the dye from the 4 0 -(dialkylamino)-3-hydroxyflavone family, which exhibits excited-state intramolecular proton transfer (ESIPT) reaction producing together with initially excited ''green'' N* band (at 515-545 nm) the reaction product ''orange'' T* band (at 564-606 nm). The dynamic equilibrium between these two forms is shifted by variation of intermolecular interactions producing the relative changes of correspondent fluorescence intensities (Demchenko 2006; Klymchenko et al. 2003; Shynkar et al. 2004 ).
Since the dynamic equilibrium between these two forms is established prior to emission (Shynkar et al. 2003) , the factors changing the fluorescence lifetime (temperature, dynamic quenchers) do not change the ratiometric response Tomin et al. 2007 ). Both these bands are strongly Stokes-shifted, so the ''blue'' excitation (with the maximum at about 420 nm) allows avoiding lightscattering artefacts.
The third problem was the achieving of high affinity towards lipid component of membrane (Hope-Roberts et al. 2011 ) together with high specificity of binding to outer leaflet of cellular membrane only, so that the probe could not move to inner leaflet (flip-flop) at the time of experiment. This was accomplished by synthesizing the derivative containing a membrane anchor, composed of two groups of opposite charge interacting with phospholipid heads and a long (dodecyl) hydrophobic tail. As a consequence a developed probe F2N12S (Fig. 6 ) satisfied all these requirements, including the last one. It exhibits only a limited flip-flop in the membranes of living cells during the time course of our experiments (0.5-1 h), as the absence of time-dependent changes in its emission spectrum was shown at this time scale. (Shynkar et al. 2007) .
This probe was first tested on neutral and negatively charged model membranes and showed a dramatic difference in response between them. Then the expected differences were observed on cultured cells with spectroscopy (Fig. 7) , microscopy ( Fig. 8 ) and flow cytometry (Fig. 9) . In all these studies it was shown that the ratio of intensities of the two emission bands changed dramatically in response to apoptosis. The ability of producing bright fluorescence image of cellular membrane is seen by both confocal (Shynkar et al. 2007 ) and two-photon (Oncul et al. 2010) microscopy. Figure 9 demonstrates the results obtained by flow cytometry. They show that the ratio T*/N* of intensities of two emission bands measured for each cell is characteristic for the process of apoptosis and cell death. In Fig. 9a we clearly observe two populations, one of them (shown in green) demonstrates high plotted T*/N* intensity ratio and, in accordance with our data on spectroscopic and microscopic analysis, we assign it to normal living cells. Another population is characterized by low T*/N* intensity ratio and has to be assigned to apoptotic and dead cells. Application Fig. 5 The principle of apoptosis detection method based on F2N12S dye. Due to high affinity, the dye is incorporated into the phospholipid moiety of the outer leaflet of the membrane and reports on the changes in surface potential, molecular order and hydration by the change of color of its emission. On apoptosis the relative intensity of ''green'' emission increases over the ''orange'' emission. (Color figure online) of additional coordinate based on PI response allows distinguishing apoptotic and dead cells. Sensitivity of the test is witnessed by the fact that in control experiments, in which the same cells were studied without induction of apoptosis, the response of only intact and dead cells but not of the apoptotic cells was detected.
When the cell responses are counted and plotted as a two-dimensional diagram of N* and T* intensities (Fig. 9b) , we observe that the range of these intensities is very broad covering up to two orders of magnitude. This is quite understood, since the cells must differ by the amount of their probe uptake. However, essential is the response of every cell plotted in these coordinates to a definite straight line (linear function stemming from zero point). There are only two of these lines and they are well separated. Two conclusions can be made here. One is that regardless of the amount of uptake of applied probe molecules by the cell their fluorescence response indicates its discrete functional state, vital or apoptotic. The other conclusion is that the vital and apoptotic states are really discrete, with the absence of intermediate forms.
From this experiment one can derive the most important advantage of F2N12S compared to annexin V and related probes. It is the fluorescence ratiometric response to apoptosis, which provides a self-calibrating absolute parameter of apoptotic transformation, so that both healthy and apoptotic cells produce fluorescence signal, but different for healthy and apoptotic cells. Moreover, since F2N12S is nonfluorescent in water, no background signal is generated and therefore no washing step is required. The latter simplifies significantly the staining protocol for experiments in cell suspensions, which makes the new probe attractive for high-throughput screening using reliable concentration-independent ratiometric detection technology. Fig. 6 Location of F2N12S probe in the outer leaflet of biological membrane. Interactions between opposite charges with PC molecules are indicated Fig. 7 Fluorescence spectra of F2N12S probe in cell suspensions. The spectra were recorded in normal (solid) or in apoptotic CEM cells either in the absence (dashes) or in the presence of 2 mM Ca 2? ions (dots). Excitation wavelength was 400 nm. Final probe concentration was 100 nM (Shynkar et al. 2007) Cytotechnology (2013) 65:157-172 167 Thus, the advantages of this new technology can be summarized as follows (Demchenko 2012 ):
• Due to the small probe molecular size, its binding kinetics is fast and needs several minutes only. This allows observing apoptosis process in development starting from very early steps.
• Incorporation of probe occurs with high affinity to all types of cells (living, apoptotic or dead), which allows detecting these cells on comparable scale of fluorescence intensity analyzing only their distinguishing ratiometric signal.
• Background probe signal is absent not only due to its complete incorporation into any type of cells but also due to the absence of fluorescence of unbound probe in water or in aqueous buffers. So, no washing steps are required.
• Binding of probe is independent of Ca 2? or of any other type of ions. Apoptosis can be detected under a broad variety of conditions (temperature, pH, etc.,).
• Proteases cannot modify the probe and, therefore, fluorescence response.
• Being ratiometric and providing a dramatic color change, the response of the new probe can be easily quantified on an absolute scale.
• Since a ratiometric signal is generated in a single dye, no double labeling is needed, and excitation can be provided at a single wavelength by a single light source.
• Self-calibration of apoptotic signal on molecular scale allows recording the degree and the spatial distribution of the apoptotic changes over the cell plasma membranes. The studying of generation Fig. 8 Example of an application of F2N12S in cell microscopy. Fluorescence ratiometric images of normal (a) and apoptotic (b) cells stained with F2N12S using twophoton excitation at 830 nm. Note that the images are presented in artificial color based on intensity ratio at 520 and 580 nm (Oncul et al. 2010) . (Color figure online) and propagation of apoptotic signal over the membranes of individual cells becomes possible.
In addition, since F2N12S is a relatively small organic molecule, it is more stable than a proteinbased reagent, can be readily synthesized from inexpensive compounds and is easy to handle.
The F2N12S kit for flow cytometry (Telford 2012 ) is produced by Invitrogen (Cat. No. A35137), and this by no means limits its applications. This technology is compatible with many current sensing and imaging techniques, including different versions of fluorescent microscopy and microplate or microflow spectroscopy. It is essential that combination of such attractive features cannot be achieved by any 'labeling' technology aimed at detection of particular compounds.
Conclusions and prospects
In view of great importance of apoptosis to many areas of biological research there is a strong request for methods that permit continuous monitoring of cell viability or apoptotic changes in a nontoxic and noninvasive manner. Cell surface is easily accessible, and interactions on this surface usually do not produce its damage. Detection of structural changes in cell membranes does not need to compromise the cell integrity or to provide penetration of odd compounds into its interior. These changes occur and can be detected on early steps of apoptosis when the cell integrity is not disrupted. Furthermore, such strategy of probing the cell surface opens pathways for the applications for site-specific in vivo imaging of apoptotic tissues that would be useful in the treatment of various diseases such as cancer and cardiovascular disease.
Two major methodologies can be applied for detecting and characterizing these changes. One is focused on detection of particular molecules, and the other on characterizing integral changes in the studied structure on a larger scale. PS is one of molecular targets. Although its specificity to apoptosis is not absolute, its efficiency as an apoptosis marker is well recognized. Its molecular recognition requires multipoint binding and has commonly to be mediated by third components-bivalent cations. Advantages of this approach are apparent, but the limitations are also observed. They appear due to slow diffusion and recognition processes and to the influence of many external factors of them. The sensor molecules should contain fluorescence reporter, and their presence without binding may produce substantial background signal. The commonly applied detection methods are based on the measurements of fluorescence intensity at a single wavelength. It is the relative parameter that does not allow calibration on molecular scale.
The recently developed alternative methodology is based on a different concept. Small-size fluorescent organic molecule can be rapidly incorporated into the cell membrane. Its design allows high-affinity labeling of only the outer membrane leaflet. Moreover, operating with substituent structures one can locate such molecule at desired depth and orientation in the membrane. The selection of this organic fluorophore leads to a smart molecule that is nonfluorescent without binding to membrane (zero background) and, when bound, responds in a convenient wavelength range on the changes in hydration, polarity or surface potential. This response is in concentration-independent and calibrated manner on a molecular scale. F2N12S possesses these properties. Combining high spatial/ temporal resolution, sensitivity, and easiness of use, this methodology is open for further development.
New challenges are put forward. When the fluorescence techniques are applied on the level of tissues or whole organisms, strong limitations appear due to low penetration of light in these media because of high absorbance and light-scattering. Presently in this case the 'labeling' technology has definite advantages, since it allows free selection of fluorescence reporters including the dyes excited in the near-IR range 800-1,000 nm (the wavelength range of maximal transparency of living tissues) (Ntziachristos et al. 2004; Smith et al. 2011b) , the fluorescent nanoparticles exhibiting upconversion phenomenon (Nagarajan and Zhang 2011) or applying two-photon excitation (Rubart 2004 ). In the case of deeply located cells and dense tissues the probing with radioactive or MRI contrast agents (Blankenberg and Norfray 2011) or smart nanoparticles that combine MRI and fluorescence responses (van Tilborg et al. 2006 ) was suggested. Regarding 'sensing' technology, these applications are not straightforward, though F2N12S can be a relatively good two-photonic absorber (Oncul et al. 2010 ). Development of apoptosis detecting technology based on smart responsive red and near-IR sensing dyes remains a great challenge.
Strong but still unrealized advantages of 'sensing' technology exist on the sub-cellular level, and these studies may need high but achievable time resolution. The 'eat-me' signal could be initiated at some site and then propagated over the whole cell membrane, so that externalization of PS could be only a part of a specific spatial reorganization of existing membrane components. Some unknown switching mechanism should provide transcending the membrane together with the whole cell from one discrete physiologic state (nonapoptotic) to another (apoptotic) discrete state. What is the mechanism of this rapid and coordinated switching? The technical means are becoming available to visualize and monitor the progression of apoptotic transformation on the biomembrane level from early stages to complete cell death. The experiments are expected to become available at the single-cell level and even with intra-cellular resolution both in culture and in tissue.
